The Forest Landscape Model (FLM) is an efficiency tool of quantified expression of forest ecosystem's structure and function. This paper, on the basis of identifying FLM, according to the stage of development, summarizes the development characteristics of the model, which includes the theoretical foundation of mathematical model, FLM of stand-scale, primary development of spatial landscape model, rapid development of ecosystem process model as the priority, and developing period of structure and process driven by multi-factor. According to the characteristics of different FLMs, this paper classifies the existing FLM in terms of mechanism, property and application, and elaborates the identifications, advantages and disadvantages of different types of models. It summarizes and evaluates the main application fields of existing models from two aspects which are the changes of spatial pattern and ecological process. Eventually, this paper presents FLM's challenges and directions of development in the future, including: (1) more prominent service on the practical strategy of forest management's objectives; (2) construction of multi-modules and multi-plugin to satisfy landscape research demand in various conditions; (3) adoption of high resolution's spatial-temporal data; (4) structural construction of multi-version module; (5) improving the spatial suitability of model application.
Introduction
Forest, as a diverse and complex ecosystem on land surface, possesses important function of ecosystem service; meanwhile, it can not only provide abundant wood, healthy and suitable living environment for human beings, but also play a vital role in maintaining the stability of global climate and protecting biological diversity and other terms. In terms of research on the structure and function of forest ecosystem, comprehensive research on both multi-space scale including tree species, forest stand, landscape and ecosystem, and multi-time scale combined the past, present and future, are gradually important. Adopting field observation and experiment data on forest landscape research cannot satisfy the demand, especially in some places, the field observation cannot realize the goal. Otherwise, the development of forestry, landscape ecology, geography, spatial information technology, mathematics, experimental science and other subjects provide references for intensive study of forest landscape. It is significant to analyze the development, characteristics and major application of the FLM for the development of landscape ecology. Theoretically, we can learn that how an important role the FLM plays in expanding related basic theories of landscape ecology at different stages. From practical aspect, understanding how to use the model to simulate the pattern and process of landscape can help us to apply the FLM to manage and develop forest. This can serve the sustainable development of forest.
Based on landscape biology and quantitative ecology theories, the landscape model uses computer simulation and GIS (geographic information system) technologies to help us establish a relationship between the structure, function and process of the landscape, and it is an efficient tool for predicting the future change of the landscape (Fu et al., 2011) . As an important part of landscape model, FLM had a great development in the past 40 years. Based on ecological succession, disturbance, equilibrium and non-equilibrium theories, FLM combines the species competition and synergies in the forest ecosystem to quantitatively express the spatial distribution of species, forest communities, dynamic change of specie combination and interaction between them. Through simulating, researchers can use mathematics equations, logical algorithms, and computer simulation technologies to express the natural and human effects on the simulating process, which can be used for the research in the large spatial and temporal scale (He, 2008) . FLM develops from simple mathematics equations to complex computer simulation models, from static forest stand-scale models to dynamic disturbance landscape-scale models. With the development of model structures and functions, more and more types of models are appearing. Meanwhile, the applied range is expanded as well.
This paper is mainly about the concept, development, classification and application of FLM. Based on the concept definition, this paper analyses the characteristics of FLM in different development phases, summarizes FLM classification and clarifies the application of FLM from the aspect of landscape pattern and process. At the end, this paper gives advices for the future development of FLM.
Development of FLM
Since the 1970s, FLM has been developed for more than 40 years. From the early theory construction and math differential equation to the later computer model, its development reflects the great progress of forest ecology and landscape ecology (Mladenoff et al., 1999; Perry et al., 2008) . In different development phases, FLM shows different characteristics. In the aspects of key points, spatial scale, and complexity, FLM develops progressively ( Figure  1 ). 
Concept definition of FLM
FLM develops with the development of forestry, landscape ecology, spatial analysis technology, and analogy procedures. Different researchers define FLM from different angles. Here list some typical definitions:
(1) Mladenoff and Baker (1999) think FLM is a computer model, which can simulate the change of the forest landscape in different spatial and temporal scales.
(2) Scheller and Mladenoff (2007) think FLM is a computer program showing that forest landscape changes with time. Its purpose is representing the interaction between the future forest landscape and pattern.
(3) He (2008) thinks FLM can predict the spatial feature change of the simulated object, and simulate a spatiotemporal characteristic of at least one recurrent of spatial processes in a spatially interactive manner. It can implement spatial process repeat and is suitable for the simulation of the landscape spatial process in large spatial and temporal scale.
(4) Xi et al. (2009) think FLM can simulate and predict the forest spatial-temporal change characteristics in landscape scale on the basis of forest dynamic mechanism and disturbing influence. It also contains the following characteristics: predicting the forest spatial-temporal change characteristics in landscape scale, simulating the interaction between spatial processes, and predicting the long-term interaction between multiple factors.
In conclusion, different researchers have different definitions for FLM due to different research eras, depth, and concerns. Table 1 shows the difference.
From the preceding comparison, we can see that inchoate researchers normally use brief words to express basic characteristics of FLM, but are lack of considering the basic framework and usage range of the model. As the research becomes deeper, more professional nomenclatures will be used for describing the concept of FLM.
Before the 1970s: mathematics model theoretical foundation
As the limitations of computing capabilities and technical conditions at that period of time, the landscape process cannot be simulated by a computer. Therefore, early FLM researches were focusing on the theoretical discussion related to population, community, or land- Xi et al. (2009) Highlighting the relationship between forest dynamic mechanism and disturbance influence, and the relationship between ecology process and models Insufficient consideration on scale extension scape-based ecological succession, disturbance, equilibrium and non-equilibrium. On this basis, some mathematics equations were proposed to simulate biotic population dynamics, such as McKendrick-Von Foerster equation (McKendrick, 1925; Von Foerster, 1959) , Multivariate versions equation (Sinko et al., 1967; Sinko et al., 1969; Streifer, 1974; Oster et al., 1974) , etc. There is one model needs to be specially mentioned --Stationary Markov model (Feller, 1968) , which is a discrete and random mathematics model. It uses the realistic condition and development trend in a certain system to predict future conditions. So far, this model is still applied in multiple fields. Continuous improvement and perfection of these models lay a solid foundation for the FLM development.
In the 1970s: forest stand-scale FLM
In this period of time, large-scale integrated circuit computers had a great development. Some mathematics models had a further development as well. With computing technologies being applied in ecological simulation, computer models used for simulating forest landscape became the main developmental trend of models. This type of model was a milestone compared with the former mathematics equation. However, what most ecologists in this period focus on were the forest management issues of small scale forest section and small watershed forest land (Botkin et al., 1972) . Therefore, FLM was mainly used to simulate the forest landscape change in stand-scale. This was called GAP model or forest stand dynamic model. From the development perspective, GAP model could be regarded as the first generation computer simulation model. It could simulate the forest dynamic change of all independent tree varieties using the empirical relationship of their appearance, growth, competition and mortality (Botkin et al., 1972; Shugart, 1984) . JABOWA model that simulates forest constitute dynamic characteristics (Botkin et al., 1972) , further improved FORET model (Shugart et al., 1977) , and SORTIE model that can express spatial clarity (Pacala et al., 1996; Pacala et al., 1993) were all typical GAP models.
In the 1980s: primary development of spatial landscape model
In this period of time, fast development of computing power, processing power and software programming language provided great support for developing multiple-scale simulation models. Additionally, as remote sensing data and spatial analysis technologies also had been developed, ecologists did not only satisfied with the simulation of stand-scale forest landscape, but also looked forward to the spatial landscape models. As a result, mosaic model and element model appeared. Some typical models like the hypothetical grid-cell model invented by Franklin and Forman (1987) , which is used for deforestation. This model can simulate the forest change in different deforestation modes. Perfected JABOWA model (Botkin et al., 1972) and its sub-models are also typical (Shugart et al., 1981; Gardner, 1987) . The spatially explicit model can be applied in agricultural production, secondary forest succession (Wilkie et al., 1988) , and coastal wet land change (Browder et al., 1985; Sklar et al., 1985) , etc. Meanwhile, former FLMs were enhanced in spatial simulation, such as development and wide application of Markov chain and semi-Markov chain models (Collins et al., 1974; Collins, 1975; Hulst, 1979; Pickles, 1980; Henderson et al., 1975; Wilkins, 1977) , further development of GAP model-FORET (Shugart, 1984) , wildland fire behavior and fuel model-BEHAVE (Andrews, 1986; Andrews and Chase, 1989 ) and so on. At the same time, mathematical thoughts extracted from the cellular automata model (Wolfram, 1984) and neighborhood-based transition model (Turner, 1988 ) is adopted in building spatial landscape models. But, development and usage for large-scale spatial landscape models was still a difficulty (Baker, 1989) .
In the 1990s: ecosystem process model-based rapid development
Ecosystem process model-based fast development is the main developmental trend of FLM in the 1990s (Running et al., 1991; Rastetter et al., 1991; Aber et al., 1992) . Like LANDIS (Mladenoff et al., 1993; Mladenoff, 1996) , LANDSIM (Mladenoff et al., 1999) , FORMOSAIC (Liu et al., 1998) , and DELTA (Mladenoff et al., 1999) , they are all typical models in this period of time. These can not only trace the change characteristics of each independent tree variety, but also can simulate the ecological process, material circulation, and energy flow. Starting from spatial interaction, these models simulate the pattern and spatial process of the forest ecosystem, which can be used to research the ecological succession under long-term disturbance and analyze the change of forest landscape characteristics with time, such as change of landscape types and landscape heterogeneities. Compared with the GAP model, these models can simulate the change in landscape and ecosystem scale (Urban et al., 1991) . The model combining FLM, satellite image, and GIS also appeared, like FOREST-BGC (Running et al., 1991) and PnET (Aber et al., 1992) . This type of model regards remote sensing and geographic information spatial data set as the input data, and then integrates pixels to simulate the forest change in landscape scale. FLM in this period of time had a great development, especially on the simulation in landscape scale. However, even all kinds of models appeared, some of them just focused on the complexity of structure and operating. As a result, the operability and operating rate were reduced. Their application range was limited.
In the 21st century: equal development of structure and process with multi-factor drive
With the development of forest ecology, landscape ecology, remote sensing and GIS spatial analysis, and computing, the development of FLM in this period of time laid equal stress on multi-factor, structure and function. iLand (Seidl et al., 2012) , TreeMig (Lischke et al., 2006) , LandClim (Schumacher et al., 2006) , and LANDIS-II are all typical models. In these models, LANDIS-II model is based on the LANDIS model. It is used to simulate succession, seed spread, disturbance, and management of forest landscape. It can implement the forest landscape change simulation at large spatial scale (Mladenoff, 2004) . On the background of global climate change, ecologists paid more attention to the research of global ecosystem and biosphere. As a result, the global land biosphere model-IBIS model (Foley et al., 1996) and the TEM-LPJ model (Pan et al., 2002) simulating ecological process and disturbance effects of the multiple vegetation area appeared.
Classification of FLMs
The classification of FLMs is a summary for existing models according to different standards, it analyses the simulating processes, characteristics, inheritance relationships, and application targets of different models. This provides a solid foundation for the research of future models. By carding the existing FLMs, this paper gives nine types of classification schemes. Table 2 shows that different scholars have different understandings for the classification standard. For instance, Baker (1989) focused on the change scope of landscape; Keane et al. (2004) focused on the quantitative expression of models; Horn and Shugart (1989) focused on the development target of models; Perry and Enright (2006) focused on the simulated spatial scale; Scheller and Mladenoff (2007) focused on the ecological significance of models; He (2008) focuses on the space-time process and the relationship between it and site conditions; while Xi et al. (2009) focused on the operational mechanism of models. By analyzing the preceding characteristics of different FLMs, this paper argues that three aspects need to be considered for the classification: model mechanism, model property, and model use. Mechanism indicates the fundamental of model development and model operating. Property indicates the features and functions of models. Use indicates the development purposes and usage range of models. Through these three dimensionalities, considering the simulating process, characteristics, and inheritance relationships of models, the classification result is adjusted to divide the models with a same inheritance relationship into the same type. This kind of classification standard can ensure the united classification standard, meanwhile, the qualitative analytical method was used to estimate the result. It is an accurate and scientific classification scheme.
Application of FLMs
As an effective tool to research the landscape change, FLM is widely used in many fields, such as forest management, watershed management, ecosystem structure, ecosystem process research, forest resource exploitation and utilization, climate change effect and response. In view of the landscape ecology, FLM is mainly used to research the spatial pattern variation of forest landscape and ecological process variation. The forest landscape pattern indicates the constituent ecosystem or the shape, proportion, and spatial arrangement of land use/land cover, which constitute the forest landscape. The forest landscape ecological process indicates the flow, migration, and transformation of materials, power, and information inside the forest ecosystem or among ecosystems. Simultaneously, the landscape pattern and ecological process are interdependent and interacted, and scale-dependence exists between them. Thus, in the practical application, pattern and process are emphasized respectively sometimes, while they are equally emphasized sometimes. To master model with scale changes in the law and the dependence on the scale, more and more attention has been paid to systematic analysis of each model in the study of patterns and processes in different areas of the simulation accuracy in order to explore the applicability of different models. Summarizing the application of FLM in recent years, it can be seen that the major applications are focused in the European and American countries (Figure 2 ).
Research for forest landscape pattern
On the forest landscape pattern, FLM is mainly used in forest composition change, structure change, effects of disturbance, and forest operating management. In this respect, a large number of research results are published. For example, Botkin et al. (1972) used the JABOWA model to analyze the relationship between forest environmental elements and forest growth in the past 200 years of the Hubbard Brook forest in New Hampshire, USA. Additionally, they simulated the secondary succession, competition, and vegetation variation of the forest. This model was mainly suitable for small-scale range of the forest gap simulation. The FORMAN model developed by Chen and Twilley (Chen et al., 1998) was used to study the long-term dynamics of mangrove forest development in south Florida in the USA. The FORMOSAIC model developed by Liu and Ashton (1998) was used to study the forest landscape variation in Malaysia. Seidl et al. (2012) used their iLand model to simulate the forest dynamics in landscape scale of Oregon, USA. The result checked the model's capacity of simulating landscape-scale forest ecosystem dynamics in the complex process. This model was applied to large-scale range of the simulation. In simulation of the Alps, the TreeMig model compared the spatial-temporal change in the forest stand scale and landscape scale. The result showed that the biomass of certain species has a high rate change in a small-scale landscape pattern, while environmental elements became the major factors to drive landscape pattern change in a large-scale landscape (Lischke et al., 2006) . This study was significant in the study of model scale test.
Natural and human disturbance has a big effect on the forest landscape pattern. Normally, the disturbance process is the landscape change process under the action of multi-factor. Therefore, the disturbance plays a very important role in the FLM. A large number of research results about the fire disturbance have been published, including the prediction for fire frequency and fire period (Ratz, 1995; Li, 2002) , and improvement for historical and natural fire policy (Li, 2000; Wimberly, 2002; Keane et al., 2003; Nonaka et al., 2005; Thompson et al., 2006) . Keane et al. (1996) used the FIRE-BGC model to simulate the long-term dynamic of coniferous forest landscape in the northern part of Rocky Mountains, USA, and compared it with the dynamic of the U.S. white bark pine under different fire policies in the past 200 years. Hargrove et al. (2000) studied the fire influence of the plateau section in the Yellowstone National Park using the EMBYR model. They simulated the influence of different fire intensities and fire probabilities that were formed by climate and Figure 2 Major distribution map for application of FLM fuel debris for landscape heterogeneity in four scenarios. Hardy et al. (2001) used the FRCC model with the historical fire data and vegetation data to simulate the forest risks under different fire policies, and then serve the local forest management. The fire expectation SEM-LAND model invented by Li (2000) was used to simulate different fire policies' influence on the forest landscape structure in the western part of Alberta in Canada. Meanwhile, many research results of the climate change, wind, and harvest interference on forest structure and process were published as well. For instance, Yan et al. (2000) developed the NEWCOP model and used it to simulate the climate change influence on the Korean pine forest succession in the northeast of China. Lafon (2004) used the LINKADIR model to study the long-term influence that ice storm disasters take on the structure of the north hardwood forest in Adirondacks, New York, USA.
Forest management is also an important part of the FLM. The forest landscape management and resource evaluation model, DISPATCH, which was developed by Baker (1992) , was used to simulate the climate variation influence on the landscape structure in Minnesota, USA. Baskent (1997) used the LANDMAN model to study characteristics of the original landscape structure and the fragmentation degrees in different harvest conditions in New Brunswick, Canada. Session et al. (1999) used the SAFE FORESTS model to analyze the influence of fire dynamic and harvest on the Sierra Nevada forest in California, USA. Then, the corresponding forest fire management and harvest policy could be made.
LANDIS and LANDIS-II models make a great process on the research and application of forest succession and forest structure pattern change. They can not only simulate the influence of fire, wind, and harvest on landscape pattern, but also can simulate the cycle accumulation of biomass and carbon. Gustafson et al. (2004) used LANDIS model to simulate the effects of the forest management on the fire susceptibility in northern Wisconsin. Thompson et al. (2011) simulated the effects of the climate change and land change on the biomass and constitute in the forest in the Massachusetts by using LANDIS-II model. Gustafson et al. (2011) used the LANDIS-II model to study how the forest management strategy mitigates the climate change in the south-central Siberia. Swanson (2009) used the LANDIS-II model to model the effects of alternative management strategies on forest carbon. used the LANDIS-II model to simulate different kinds of disturbances, including fire, harvest, wind, and their influence on board-leaved forest in northern USA.
Research for forest ecosystem process
The ecological process application of FLM is mainly showed in material cycling process (like carbon and nitrogen cycles), species migration, interference process, and elements interaction. Shao et al. (1995) used the KOPIDE model to evaluate the dynamic influence of mixed broadleaf-conifer forest in Northeast China on the climate change and landscape dynamic variation. Hall and Hollinger (2000) used the LINKNZ model to simulate the forest succession process by analyzing the soil-water balance, decomposition rate, and nitrogen cycles of the original evergreen broadleaf forest in New Zealand. The Q-LAND model is developed based on the LANDIS model, which is the landscape process in site scale. On the basis of analyzing the site-scale tree amount and seed distribution, Pennanen et al. (2004) simulated the landscape long-term dynamic of the mingled forest in north Quebec, Canada. Pan et al. (2002) used the TEM-LPJ model to study the interaction of carbon, nitrogen, and water in larch forest, coniferous forest, and C3 grassland. Bugmann (1996) developed the ForClim model, which is a vegetation population dynamic model influenced by carbon-nitrogen cycles. It is used to study the dynamic variation process of the Alps forest structure in the past 1200 years.
Forest is a quite complex ecosystem. Pattern and process dynamic variation influence and depend each other. Therefore, the FLM is always used with these two factors. Especially since the 1990s, ecological process research is paid for attention. Amount of research results are used to study the FLM. At the same time, the application range of the FLM becomes wider and wider, extending from forest to other areas. This provides a powerful support for multi-disciplinary and interdisciplinary research.
Progress and prospect of research on FLM
The FLM can help scholars and managers study the variation of forest landscape pattern. However, like any other models, this type of model has a limitation as well. The development of FLM is a process in which the spatiotemporal scale, data availability and resolution, simulation result accuracy, parameterization degree, and simulation validation are chosen and balanced constantly (Mladenoff, 2004; Mladenoff et al., 1999; Rykiel, 1996; Syphard et al., 2004) . Since the occurrence of FLM, there are two challenges: (1) The authenticity of research objects' spatial scale and simulation results, that is, if a true and valid result can be obtained after simulating a wide-range and long-term forest landscape structure and process.
(2) How to verify the simulation results (He, 2011) . Nowadays, there are two methods to verify the simulation results: (1) Compare different simulation scenarios (Rykiel, 1996) . (2) Compare the simulation result with other results that are commonly accepted. This method requests expertise so that it has a limitation (Cary et al., 2006; Yang et al., 2007) . (3) Compare the simulation result with the ecological experiment of long-term landscape scale or universal ecological theories. This method is used most widely (He et al., 2002; .
In the context of global climate change, ecologists tend to focus more dynamic changes in the global forest ecosystems. Combined with the characteristics of current model of the 21st century, we believe the following points are necessary to be considered for the future development of the FLM:
(1) The practical applicability that mainly provides services for the target of forest management. As the forest becomes more and more important in the carbon sink process, applying a proper forest management measure to global warming becomes more and more valuable. Selecting an optimal forest management measure through a simulation can guarantee forest sustainable utilization, such as SAFE FORESTS (Session et al., 1999) .
(2) Develop multi-module and multi-plugin models to meet the landscape research demand in a variety of conditions. In the 21st century, the development of landscape ecology presents comprehensive characteristic. It is the structure and function, pattern and process coupling. As the rapid development of computing technology, multi-module and multi-plugin models need to be developed to implement the comprehensive research on the structure and function, and extend the application range of models, such as LANDIS-II (Gustafson et al., 2011) .
(3) Use high-resolution spatial and temporal data. The high-resolution spatial and temporal data obtaining technology based on remote sensing image develops rapidly. The application of high-resolution spatial and temporal data based on the 3S technology makes the simulation result accuracy improvement, spatial and temporal scale extension, and structure analysis simulation possible.
(4) Establish the multi-version model structure and frame. The FLM needs to meet researchers', managers', and public's demands. Therefore, based on different users' expertise, using abilities, and differences in demand, establish the multi-version model structure and frame and develop different types of models to improve operations.
(5) Improve the application space suitability of models. It is hardly to find two totally same forest landscapes. As a result, research on the space suitability of different forest landscapes using only one model becomes harder and harder. Furthermore, the most basic development target of FLM is researching the landscape scale and function in multiple spatial and temporal scales. Therefore, to meet the research and management demands in different areas, the space suitability is necessary to be improved, such as TreeMig model (Lischke et al., 2006) . Meanwhile, we should pay more attention to research on the data mining and analysis of the simulation result, including data analysis tools, data management methods, and visualization technology.
